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Abstract
We entertain the possibility that massless dark photons exist and have nonnegligible flavor-changing
dipole-type couplings to the u and c quarks. Such interactions give rise to the flavor-changing neutral
current decays of charmed hadrons into a lighter hadron plus missing energy carried away by the dark
photon. We investigate specifically the decays of the charmed mesons D+,0 and D+s , bottom charmed
meson B+c , singly charmed baryons Λ
+
c , Ξ
+
c , and Ξ
0
c , and doubly-charmed baryon Ξ
++
cc . Employing
a simplified new-physics model satisfying the relevant constraints, we find that these processes can have
branching fractions reaching the 10−4 level, implying that one or more of these modes may be accessible
in the near future by the ongoing Belle II and BESIII experiments. Since the same underlying interaction
is responsible for all of these transitions, detecting one of them automatically implies predictions for the
others, allowing for additional experimental checks on the massless dark photon scenario.
1
I. INTRODUCTION
Attempts to address longstanding open questions in physics, such as the nature and origin of
neutrino mass and the particle identity of cosmic dark matter, have increasingly postulated the
presence of a dark sector beyond the standard model (SM). It is reasonable to expect that the
new dark sector not only provides resolutions to those major puzzles but also contains additional
ingredients which will facilitate further experimental access to it. Among the more attractive ones
is a dark Abelian gauge group, U(1)D, under which all SM fields are singlets. This symmetry may
be spontaneously broken or stay unbroken, causing the associated gauge boson, the dark photon,
to gain mass or remain massless.
Whether it is massive or massless, the hope is that the dark photon can somehow communicate
with the SM as well as connect it with other members of the dark side, leading to interesting
and potentially detectable implications. These possibilities have received a great deal of attention
in recent decades [1–15], motivating numerous dedicated quests for it [13–21], albeit still with
negative outcomes to date. Most of these efforts have focused on the massive dark photon, A′,
which can directly couple to SM fermions via a renormalizable operator ǫeA′µJ
µ
em involving the
electromagnetic current eJem and a small constant ǫ parametrizing the kinetic mixing between the
dark and SM U(1) gauge fields [12–14]. In the presence of this coupling, A′ could be produced in
the scattering or decays of SM particles, including the decays of hadrons, and it could decay into
electrically charged fermions or mesons. Consequently, the experiments hunting down A′ have set
limits on ǫ over various ranges of its mass [13–21].
If the dark photon is massless, the situation is very different but no less interesting. In this
case, one can always define a linear combination of the dark and SM U(1) gauge fields that has no
renormalizable interactions with SM fields and is identified with the massless dark photon [1, 2],
which we denote by γ¯. The implications are that γ¯ has no direct couplings to SM fermions, in
contrast to its massive counterpart, and that therefore constraints from the aforesaid searches for
A′ do not apply to γ¯. However, as γ¯ can still affect the SM sector through higher-dimensional
operators induced by loop diagrams involving particles charged under U(1)D and also coupled to
SM fields [2, 3], there may be other ways to probe γ¯ which should be explored.
In the absence of other new particles beyond the SM, the effective interactions of the massless
dark photon with SM members can be described by operators which respect the SM gauge group
and the unbroken U(1)D. At leading order the Lagrangian for the couplings of γ¯ to quarks has
the dipole-type gauge-invariant form [2]
L
np
=
1
Λ2
np
(
Cjk qjσαβdkH + C′jk qjσαβukiτ2H∗ + H.c.
)
F¯αβ , (1)
where Λnp denotes an effective heavy mass, the Cs are dimensionless parameters which are generally
complex, qj and dk (uk) represent a left-handed quark doublet and right-handed down-type (up-
type) quark singlet, respectively, H stands for the SM Higgs doublet, τ2 is the second Pauli matrix,
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F¯αβ = ∂αA¯β−∂βA¯α is the dark photon’s field strength tensor, σαβ = i
[
γα, γβ
]
/2, and summation
over family indices j, k = 1, 2, 3 is implicit. Both Λnp and the Cs depend on the details of the
underlying new physics (NP).
The possibility that the massless dark photon has flavor-changing neutral current (FCNC)
couplings to the d and s quarks via the Cjk portion of Eq. (1) has been entertained before. Such
interactions generate the FCNC decays of kaons [4] and hyperons [5] with missing energy carried
away by the dark photon. Their branching fractions are allowed by current constraints to reach
levels which may be observed in the near future by the NA62 and BESIII experiments [4, 5].
In this paper we consider the case where the massless dark photon has FCNC couplings to
the lightest up-type quarks, u and c, corresponding to the C′jk parts in Eq. (1). After electroweak
symmetry breaking, we can express the pertinent terms as
Lucγ¯ = u
(
C+ γ5C5
)
σαβc F¯αβ + H.c. (2)
in the up-type-quark mass basis, and so C = Λ−2
np
(C′12 + C′∗21)v/√8 and C5 = Λ−2np (C′12 −C′∗21)v/√8
are parameters dependent on the specifics of the NP model and having the dimension of inverse
mass, with v ≃ 246 GeV being the Higgs vacuum expectation value. In what follows, we ex-
plore the implications of Lucγ¯ for the FCNC decays of charmed hadrons into two-body final states
comprising a lighter hadron and the massless dark photon which is emitted invisibly. These transi-
tions have virtually no SM background because the corresponding SM contributions are three-body
modes which involve a neutrino pair carrying away the missing energy and have unmeasurably
small branching fractions [22]. Therefore, it is hoped that the results of our study will motivate
experimental efforts to pursue the two-body decays involving the massless dark photon, which can
shed light on its existence.
In Secs. II and III we look at the decays of the D+,0 and D+s mesons and the B
+
c meson,
respectively. We examine the decays of the singly charmed baryons Λ+c , Ξ
+
c , and Ξ
0
c in Sec. IV and
of the doubly-charmed baryon Ξ++cc in Sec. V. We give our conclusions in Sec. VI. An appendix
supplies extra information on the baryonic matrix elements of the dipole operators.
II. DECAYS OF CHARMED MESONS
The interactions in Lucγ¯ can give rise to the FCNC decays of the lightest charmed-mesons
into another meson plus the dark photon, γ¯. As the decay of a spinless particle into another
spinless particle plus a massless gauge boson is forbidden by angular-momentum conservation
and gauge invariance, we consider modes where the initial particle is a charmed pseudoscalar-
meson D+ or D0 or a charmed, strange pseudoscalar-meson D+s while the final state consists of
a charmless vector-meson and γ¯. Specifically, we look at the modes D+ → ρ+γ¯, D0 → ρ0γ¯, ωγ¯,
and D+s → K∗+γ¯.
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For D+ → ρ+γ¯ the amplitude MD+→ρ+γ¯ induced by Lucγ¯ contains the mesonic matrix ele-
ments 〈ρ+|uσµνc|D+〉 and 〈ρ+|uσµνγ5c|D+〉, the general formulas for which are well known in the
literature [23–25]. In MD+→ρ+γ¯ these matrix elements are to be contracted with the outgoing
dark photon’s momentum q¯ and polarization vector ε¯. These two four-vectors satisfy the gauge
requirement ε¯ · q¯ = 0 and the masslessness condition q¯2 = 0 due to γ¯ being on-shell. Accordingly,
we can express
〈ρ+(k)|uσµνc|D+(k + q¯)〉 ε¯∗µq¯ν = 2ifD+ρ+ ǫητµνε∗ηkτ ε¯∗µq¯ν ,
〈ρ+(k)|uσµνγ5c|D+(k + q¯)〉 ε¯∗µq¯ν = 2fD+ρ+
(
ε∗ ·q¯ ε¯∗ ·k − ε∗ ·ε¯∗ k ·q¯) , (3)
where k + q¯ is the D+ momentum, k and ε stand for the ρ+ momentum and polarization vector,
respectively, and the same constant fD+ρ+ parametrizes form-factor effects at q¯
2 = 0 in the two
equations, which are related [23] by virtue of the identity 2iσακγ5 = ǫ
ακντσντ . They lead to
MD+→ρ+γ¯ = 4fD+ρ+
[
ǫακντε∗αε¯
∗
κkν q¯τ C+ i
(
ε∗ ·q¯ ε¯∗ ·k − ε∗ ·ε¯∗ k ·q¯)C5] , (4)
from which we obtain the branching fraction
B(D+ → ρ+γ¯) = τD+ f 2D+ρ+
(
m2D+ −m2ρ+
)
3
2πm3D+
(|C|2 + |C5|2) , (5)
where τD+ represents the lifetime of D
+ and mX denotes the mass of X . The branching fractions
of D0 → ρ0γ¯, ωγ¯ and D+s → K∗+γ¯ have analogous expressions.
For numerical work, we adopt
fD+ρ+ =
√
2 fD0ρ0 = 0.658
+0.038
−0.031 , fD0ω = 0.610
+0.036
−0.030 , fDsK∗ = 0.639
+0.042
−0.044 (6)
determined in Ref. [24] using light-cone sum rules in the framework of heavy quark effective field
theory. The relation between fD+ρ+ and fD0ρ0 in Eq. (6) follows from the quark flavor contents
ρ+ ∼ ud¯ and ρ0 ∼ (uu¯ − dd¯)/√2. For comparison, an earlier calculation carried out in Ref. [25]
within a constituent quark model yielded fD+ρ+ = 0.66 and fDsK∗ = 0.71 with uncertainties
of around 10%, which are compatible with their newer counterparts in Eq. (6). Additional input
parameters are the measured D+,0 and D+s lifetimes and masses and the light meson masses,
specifically mρ+ = 775.11(34), mρ0 = 775.26(25), mω = 782.65(12), and mK∗ = 895.5(8), in
units of MeV, from Ref. [26]. Thus, the only remaining unknowns are the coefficients C and C5,
which depend on the details of the NP model.
These processes can serve as a valuable tool in the search for the dark photon if their rates are
not highly suppressed. This implies that C and C5 should not be too small in size. It turns out
that there is at least one NP model in the recent literature [3] which offers some nonnegligible
viable values of these coefficients. They can then be used as benchmarks to illustrate how these
charmed-hadron decays may probe the dark-photon interactions.
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In the NP scenario of Ref. [3] the c → uγ¯ operators arise from loop diagrams involving new
particles consisting of massive fermions which are singlets under the SM gauge group and heavy
new scalar bosons which carry some of the SM gauge charges. The new fermions and bosons
are all charged under U(1)D and have Yukawa-like interactions with the u and c quarks. This
allows for the construction of the dimension-five operators in Eq. (2). Since our goal here is to
investigate the implications of these interactions for the charmed-hadron processes, we will not
dwell further on the specifics of the underlying NP model. Rather, we will simply adopt the
relevant results available in Ref. [3] at face value and apply them in the evaluation of the rates of
the charmed-hadron decays.
In particular, it is shown in Ref. [3] that the branching fraction of the inclusive transition
c→ uγ¯ is allowed to reach B(c→ uγ¯) ∼ 10−4, with the pertinent constraints having been taken
into account. For our study we take B(c→ uγ¯) < 5× 10−5, which translates into1
|C|2 + |C5|2 < 2.0× 10
−15
GeV2
. (7)
Incorporating this and the central values of the aforementioned input parameters into the meson
branching fractions, we arrive at
B(D+ → ρ+γ¯) < 8.1×10−4 ,
B(D0 → ρ0γ¯) < 1.6×10−4 ,
B(D0 → ωγ¯) < 2.7×10−4
B(D+s → K∗+γ¯) < 3.8×10−5 . (8)
Interestingly, these results are not far from the current limit B(D0 → invisibles) < 9.4× 10−5 [26]
set by the Belle Collaboration [27]. This suggests that the numbers in Eq. (8) may be within the
reaches of ongoing experiments such as Belle II and BESIII and future facilities such as a super
charm-tau factory.
III. DECAY OF BOTTOM, CHARMED MESON
The c → uγ¯ transition can also bring about the decay of the bottom, charmed pseudoscalar-
meson B+c into the bottom charged vector-meson B
∗+ plus γ¯. Consequently, the amplitude for
B+c → B∗+γ¯ and its branching fraction are similar in form to the corresponding quantities in the
1 This results from B(c → uγ¯) = {12B(c → ℓ+X)exp/[G2Fm2c |Vcs|2f1(m2u/m2c)]}(1/|ΛL|2 + 1/|ΛR|2) given in [3]
with GF being the Fermi constant and the inputs B(c→ ℓ+X)exp = 0.096, mc = 1.67GeV, |Vcs| = 0.986, and
f1(m
2
u/m
2
c
) ≃ 1 also provided therein, along with the relation 1/|ΛL|2 + 1/|ΛR|2 = 8|C|2 + 8|C5|2.
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D+ → ρ+γ¯ case, given in Eqs. (4) and (5). Especially, based on the latter we have
B(B+c → B∗+γ¯) = τB+c f
2
B
c
B∗
u
(
m2
B+c
−m2B∗
)
3
2πm3
B+c
(|C|2 + |C5|2) . (9)
Numerically we employ the B+c lifetime and mass and mB∗+ = 5324.70(22)MeV from Ref. [26],
as well as fB
c
B∗
u
= 0.23± 0.04 which was computed in Ref. [28] with QCD sum rules and is close
to the older result fB
c
B∗
u
= 0.24 of Ref. [29] from an application of the constituent quark model
of Ref. [30]. Applying Eq. (7) and the central values of these parameters in Eq. (9), we get
B(B+c → B∗+γ¯) < 7.1×10−5 . (10)
IV. DECAYS OF SINGLY CHARMED BARYONS
In the baryon sector, the occurrence of the c→ uγ¯ transition in Eq. (2) will cause a charmed
baryon to undergo ∆C = 1 decays into a lighter baryon and the dark photon. In this section we
focus on the singly charmed baryons Λ+c , Ξ
+
c , and Ξ
0
c , which have spin parity J
P = 1/2+, form
a flavor SU(3) antitriplet, and decay weakly [26]. We examine in particular the modes Λ+c → pγ¯
and Ξ+,0c → Σ+,0γ¯.
To derive the amplitude MΛ+c →pγ¯ for Λ+c → pγ¯ from the short-distance interaction described
by Lucγ¯, we need to know the matrix elements 〈p|uσµνc|Λ+c 〉 and 〈p|uσµνγ5c|Λ+c 〉. Contracting
them with dark photon’s momentum q¯ and polarization vector ε¯, we can express
〈p|uσµν(1, γ5)c|Λ+c 〉 ε¯∗µq¯ν = fΛ+c p Up σµν(1, γ5)UΛc ε¯∗µq¯ν , (11)
where UΛc and Up stand for the Dirac spinors of the baryons and the constant fΛ+c p encodes form-
factor effects at q¯2 = 0. As discussed in the appendix, fΛ+c p enters both of the matrix elements.
It follows that
MΛ+c →pγ¯ = 2fΛ+c p Up
(
C + γ5C5
)
iσµνUΛc ε¯
∗
µq¯ν , (12)
leading to the branching fraction
B(Λ+c → pγ¯) = τΛ+c f
2
Λ+c p
(
m2Λc −m2p
)
3
2πm3Λc
(|C|2 + |C5|2) , (13)
where τΛ+c is the Λ
+
c lifetime. Numerically, we adopt fΛ+c p = 0.50(1 ± 0.07) from the lattice
QCD calculation in Ref. [31]. Incorporating its central value and those of τΛ+c , mΛc , and mp from
Ref. [26] into Eq. (13), we then translate the limit in Eq. (7) into
B(Λ+c → pγ¯) < 1.7× 10−4 . (14)
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With fΛ+c p = 0.38(1±0.1) instead, obtained in the relativistic quark model [32], we would reach a
lower result, B(Λ+c → pγ¯) < 9.6×10−5. These different numbers indicate the degree of uncertainty
in the predictions.
In the case of Ξ0c → Σ0γ¯, we use the form-factor parameter fΞ0cΣ0 = 0.46 ± 0.12, which was
estimated in the framework of light-cone QCD sum rules [33]. Assuming isospin symmetry, we
also have fΞ+c Σ+ = fΞ0cΣ0 for Ξ
+
c → Σ+γ¯. The branching fractions of these decay modes have
formulas similar to that in Eq. (13), suitably modified. Putting these quantities together with the
measured Ξ+,0c lifetimes and masses and Σ
+,0 masses [26] as well as Eq. (7), we then obtain
B(Ξ+c → Σ+γ¯) < 3.1× 10−4 , B(Ξ0c → Σ0γ¯) < 7.8× 10−5 , (15)
the difference being mainly due to τΞ+c = 3.9 τΞ0c .
V. DECAYS OF DOUBLY CHARMED BARYONS
Only one doubly charmed baryon, the Ξ++cc , has been discovered so far [34], with its lifetime and
mass now also known [26]. We take its spin parity, which is not yet determined experimentally,
to be JP = 1/2+ based on quark-model expectations [34]. Here we look at the ∆C = 1 decay
channels Ξ++cc → Σc(2455)++γ¯ and Ξ++cc → Σc(2520)++γ¯ arising from Lcuγ¯, as some information
on the pertinent baryonic form factors has recently become available [35].
Since Σc(2455)
++ also has JP = 1/2+ [26], the branching fraction of Ξ++cc → Σc(2455)++γ¯ is
analogous in form to that in Eq. (13) and given by
B(Ξ++cc → Σc(2455)++γ¯) = τΞ++cc f
2
ΞccΣc(2455)
(
m2Ξcc −m2Σc(2455)++
)
3
2πm3Ξcc
(|C|2 + |C5|2) . (16)
where mΞ
cc
= mΞ++cc . The form-factor parameter has been computed in Ref. [35] using the light-
front quark model to be fΞccΣc(2455) = −0.798. With the measured Ξ++cc lifetime and mass and
mΣc(2455)++ = 2453.97MeV from Ref. [26], we then get
B(Ξ++cc → Σc(2455)++γ¯) = 5.9× 10−4 . (17)
In the second mode, the daughter baryon Σc(2520)
++ has spin parity JP = 3/2+. As discussed
in the appendix, the baryonic matrix elements in this case are
〈Σc(2520)++|uiσµν
(
1, γ5
)
c|Ξ++cc 〉 ε¯∗µq¯ν = UαΣc
(
γ5, 1
)[(6 ε¯∗q¯α − ε¯∗α /¯q)F + q¯α6 ε¯∗/¯q F˜mΞcc
]
UΞcc , (18)
where UαΣc denotes the Rarita-Schwinger spinor of Σc(2520)
++ and F and F˜ parametrize form-
factor effects at q¯2 = 0. The decay amplitude is then
M
Ξ++cc →Σc(2520)++ γ¯
= 2UαΣc
(
γ5C+ C5
)[(6 ε¯∗q¯α − ε¯∗α /¯q)F + q¯α6 ε¯∗/¯q F˜mΞcc
]
UΞcc , (19)
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which implies the branching fraction
B(Ξ++cc → Σc(2520)++γ¯) = τΞ++cc ∆8F212πm3Ξccm2Σc
(
1 +
4m2Σc
∆2
+
2F˜
F +
∆2F˜2
m2ΞccF2
)(|C|2 + |C5|2) , (20)
where mΣc = mΣc(2520)++ and ∆ =
(
m2Ξcc − m2Σc
)
1/2. Using F = −0.635 and F˜ = 0.330,
estimated in the light-front quark model [35], and mΣc = 2518.41MeV [26], we then find
B(Ξ++cc → Σc(2520)++γ¯) = 2.2× 10−4 . (21)
VI. CONCLUSIONS
It is possible that a dark sector beyond the SM exists and contains a new unbroken U(1)
gauge symmetry. It is further possible that the associated massless dark photon has nonnegligible
flavor-changing dipole-type couplings to the u and c quarks. Such interactions bring about the
FCNC decays of charmed hadrons into a lighter hadron plus missing energy carried away by the
dark photon. We have examined in particular the decays of the D+,0, D+s , and B
+
c meson. We
also look at the decays of the singly charmed baryons Λ+c , Ξ
+
c , and Ξ
0
c and of the doubly-charmed
baryon Ξ++cc . Adopting a simple new-physics scenario, we show that their branching fractions are
permitted by the relevant constraints to be as high as several times 10−4. This implies that one
or more of these modes may be accessible in the near future by the ongoing Belle II and BESIII
experiments. Since the same c → uγ¯ operators are responsible for all these modes, detecting
one of them automatically implies predictions for the others, allowing for additional experimental
checks on the dark photon scenario. The results of this work will hopefully motivate dedicated
experimental efforts to hunt the massless dark photon via these charmed-hadron decays.
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Appendix A: Baryonic matrix elements of uσµν(1, γ5)c
For the ∆C = 1 transition between spin-1/2 baryons B and B′, the baryonic matrix element
of uσµνc has the general expression [36, 37]
〈B′(k)|uσµνc|B(k + q¯)〉 = U¯ ′
(
σµνf1 − γ[µkν] if2 − γ[µq¯ν] if3 − k[µq¯ν] if4
)
U , (A1)
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where k + q¯ and k are the momenta of B and B′, respectively, U and U ′ represent their Dirac
spinors, f1,2,3,4 denote form factors which are functions of q¯
2, and X [µY ν] ≡ XµY ν − XνY µ.
With the aid of the identity 2iσακγ5 = ǫακντσ
ντ for ǫ0123 = +1, we can obtain from Eq. (A1) the
corresponding matrix element of uσακγ5c,
〈B′(k)|uσακγ5c|B(k + q¯)〉 = U ′
[
σακγ5f1 − ǫακντ
(
1
2
γ[νkτ ]f2 + γ
ν q¯τf3 + k
ν q¯τf4
)]
U . (A2)
For application in the amplitude for B→ B′γ¯, the matrix elements in Eqs. (A1) and (A2) are
to be contracted with the dark photon’s polarization vector ε¯ and momentum q¯. Thus, imposing
ε¯ · q¯ = 0 and q¯2 = /¯q/¯q = 0, after straightforward algebra we arrive at
〈B′(k)|uσµνc|B(k + q¯)〉 ε¯∗µq¯ν = U ′
{
σµνf
(0)
1 − i2
[
γµγν
(
/k + /¯q
)− /kγµγν]f (0)2 }U ε¯∗µq¯ν
= f
BB′
U ′σµνU ε¯∗µq¯ν , (A3)
〈B′(k)|uσµνγ5c|B(k + q¯)〉 ε¯∗µq¯ν = U ′
{
σµνγ5 f
(0)
1 − 14ǫµνκτ
[
γκγτ
(
/k + /¯q
)− /kγκγτ]f (0)2 }U ε¯∗µq¯ν
= f
BB′
U ′σµνγ5U ε¯
∗
µq¯ν , (A4)
where f
(0)
1,2 stand for f1,2 evaluated at q¯
2 = 0 and
f
BB′
= f
(0)
1 +
1
2
(mB′ −mB)f (0)2 , (A5)
with mB(′) being the mass of B
(′). These results lead to the expression in Eq. (11). Evidently, the
same combination, f
BB′
, of form factors at q¯2 = 0 enters both Eqs. (A3) and (A4), in agreement
with what was previously found [38, 39] concerning the baryonic matrix elements of these types
of tensor operators.
In the case where B′ is replaced by a spin-3/2 baryon B′, we can write
〈B′(k)|uiσµνc|B(k + q¯)〉 =
{
U
[µγν]g1 + U
[µkν]g2 + U
αq¯α
(
iσµνg3 + γ
[µkν]g4
)
+ U[µq¯ν]g5 + U
αq¯α
(
γ[µq¯ν]g6 + k
[µq¯ν]g7
)}
γ5U , (A6)
where k and Uµ are, respectively, the momentum of B′ and its Rarita-Schwinger spinor, the latter
satisfying the requirements γµU
µ = kµU
µ = 0, and g1,2,··· ,7 represent form factors which depend
on q¯2. It follows that
〈B′(k)|uiσµνc|B(k + q¯)〉 ε¯∗µq¯ν = U[µγν] ε¯∗µq¯ν
[
g
(0)
1 +
1
2
(
mB′ −mB
)
g
(0)
2
]
γ5U
+ U·q¯ 6 ε¯∗/¯q
[
1
2
g
(0)
2 − g(0)3 − 12
(
m
B′
+m
B
)
g
(0)
4
]
γ5U
= Uα
[(
ε¯∗α /¯q−6 ε¯∗q¯α
)F + q¯α6 ε¯∗/¯q F˜
m
B
]
γ5U , (A7)
where g
(0)
j denotes the value of gj at q¯
2 = 0 and
F = g(0)1 + 12
(
mB′ −mB
)
g
(0)
2 , F˜ =
[
1
2
g
(0)
2 − g(0)3 − 12
(
mB′ +mB
)
g
(0)
4
]
m
B
, (A8)
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with m
B′
being the mass of B′. Moreover,
〈B′(k)|uiσµνγ5c|B(k + q¯)〉 ε¯∗µq¯ν = 12ǫµνκτ 〈B(k)|uσκτc|B(k + q¯)〉 ε¯∗µq¯ν
= Uα
[(6 ε¯∗q¯α − ε¯∗α /¯q)F + q¯α6 ε¯∗/¯q F˜m
B
]
U . (A9)
These formulas lead Eq. (18).
In the derivation of the B→ B′γ¯ rate, the absolute square of the decay amplitude needs to be
summed over the initial and final particles’ polarizations. The expression for the sum over the B′
polarizations is available from the literature (e.g. [40]) and, for completeness, given by
3/2∑
ς=−3/2
U
β(k; ς)Uη(k; ς) =
(
/k +mB′
)(γµγν
3
Gµβ(k)Gνη(k)− Gβη(k)
)
, (A10)
where Gκν(k) = gκν − kκkν/m2
B′
. It is worth mentioning that the branching fraction in Eq. (20)
can be shown to be consistent in form with that of Λb → Λ(1520)γ involving the ordinary photon
in Ref. [41] after interchanging the parity-conserving and -violating terms in the amplitudes.
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